Recent results from PHENIX on the evolution of hot QCD by Novitzky, Norbert & PHENIX Collaboration
Recent results from PHENIX on the evolution of hot QCD
Norbert Novitzky for the PHENIX collaboration12a
1University of Jyväskylä
2Helsinki Institute of Physics
Abstract. The Relativistic Heavy Ion Collider’s (RHIC) energy scan program explores
the phase transition between the hadron gas and the quark gluon plasma phases by varying
center-of-mass energies from
√
sNN = 7.7 to 200 GeV and using various system sizes.
The nuclear modiﬁcation factor of π0 and the azimuthal anisotropy of charged hadrons
were measured in Au+Au collisions at c.m. energies
√
sNN = 39, 62.4 and 200 GeV. In
addition, we present recent results of direct photon yield and anisotropy measurements in
Au+Au collisions at c.m. energy
√
sNN = 200 GeV.
1 Introduction
The physics of heavy ion collisions addresses the question how the nuclear matter behaves at ex-
tremely high temperatures and densities [1, 2]. The Lattice Quantum Chromodynamics predicts a
new state of matter at temperatures T ≥ TC ∼ 170 MeV [3]. The strongly interacting matter is called
Quark Gluon Plasma (QGP) [4], where quarks and gluons can propagate freely over the distances
given by a nucleus size. The created ﬁreball expands in every direction and then cools down until the
freeze-out stage is reached. In this stage the ﬁnal state hadrons are formed.
Among the ﬁrst processes that take place in heavy ion collision there is the hard scattering of the
individual partons. Hard scattering processes are characterized by a large momentum transfer and are
calculable by methods of the perturbative Quantum Chromodynamics (pQCD) [5]. In the vacuum (in
p+p collisions) the outgoing partons lose energy during the fragmentation process. In the heavy ion
collision environment the medium induces additional radiation what leads to the suppression of high-
pT particles, the phenomenon known as the "jet quenching" [6]. This phenomenon has been studied
at various c.m. energies and the details are given in Section 2.
The low-pT region of the spectra in collision is driven by collective phenomena, where the tools
of hydrodynamics are applicable [7, 8]. The initial spatial energy density distribution in the collision
zone results in diﬀerent pressure gradients in diﬀerent directions with respect to impact parameter
plane, deﬁned by the beam axis and the vector connecting the two nuclei centers. The pressure gra-
dient transforms the initial spatial anisotropy into a momentum anisotropy of the ﬁnal state hadrons.
The results of the azimuthal anisotropy measured in wide range of c.m. energies are shown in Section
3.
Another important probe of the medium is the direct photon production. Due to their small elec-
tromagnetic coupling (compared to QCD) they leave the medium without further interaction. The
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deconﬁned medium degrees of freedom are carried by gluons and quarks, thus the qtq¯t → gtγt (where
t refers to thermal) channel is enhanced. The low-pT photons (pT < 3 GeV/c) retain the memory
about the space-time averaged temperature of the plasma. On the other hand, the high-pT photons
are, to the large extent, insensitive to the QGP evolution. Since the production cross section is cal-
culable in pQCD frame and they are not modiﬁed by the medium, the measurement in this pT region
in heavy ion provides a valuable information about the initial yield from hard scattering. The direct
photon results are summarized in Section 4.
2 Nuclear Modiﬁcation of the Inclusive Distribution of Particles
When a dense, colored medium is formed in a collision of nuclei A+A, outgoing hard scattered par-
ton propagating through the medium loses energy in the radiation process. Therefore, the observed
particle yield in A+A collision at a given (high) pT is lower than the one expected in scaled up (to
corresponding nucleus-nucleus collision) p+p reference. This suppression in the inclusive hadron pT
spectrum in heavy ion collisions with respect to p+p collisions is characterized in terms of the nuclear
modiﬁcation factor
RAA =
(1/NevtAA) d
2NhAA/dpT dy
〈TAA〉 d2σhpp/dpT dy
(1)
where σhpp is the hadron production cross section in p+p collision measured at same c.m. en-
ergy, and NevtAA is the number of events in heavy ion collisions. The nuclear overlap function is〈TAA〉 = 〈Ncoll〉 /σinelpp , where 〈Ncoll〉 is the number of binary collisions averaged over a range of impact
parameters corresponding to the given centrality class estimated from the Glauber model based Monte
Carlo [9].
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Figure 1. Invariant yield of π0 measured in |η| < 0.35 in Au+Au collisions at √sNN = 39 GeV (left) and √sNN =
62.4 GeV (right) in minimum bias with empty squares and all centrality classes (indicated in the legend).
The suppression of high-pT hadrons was ﬁrst measured in Au+Au collisions at
√
sNN = 130
GeV [1, 1] and later conﬁrmed at
√
sNN = 200 GeV [1]. The suppression was not observed in d+Au
collisions at
√
sNN = 200 GeV [1] which provides a convincing evidence that the suppression is
mostly of the ﬁnal state origin. In 2005, the PHENIX experiment has measured π0 yields in Cu+Cu
collisions at three diﬀerent c.m. energies:
√
sNN = 22.4, 62.4 and 200 GeV [1]. The RAA of π0
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in the most central collision (0-10%) shows strong suppression at c.m. energies
√
sNN = 200 and
62.4 GeV and no pronounced suppression at
√
sNN = 22.4 GeV. The corresponding pT averaged
(2.5 < pT < 3.5 GeV/c) RAA exhibits a strong centrality dependence in case of
√
sNN = 62.4 and 200
GeV and no centrality dependence at
√
sNN = 22.4 GeV. The low energy scan program was continued
in 2010 by collecting Au+Au data at
√
sNN = 39 and 62.4 GeV. The π0 spectra were measured up to
pT < 8 and 10 GeV/c, respectively (see Fig. 1) [1].
For the evaluation of the RAA a corresponding p+p reference at the same collision energy is needed.
The π0 spectrum from p+p collisions at
√
s = 62.4 GeV was measured by the PHENIX experiment up
to pT < 7 GeV/c. However, the Au+Au data extend up to pT < 10 GeV/c (see Fig. 1). To extrapolate
the corresponding π0 spectrum up to pT < 10 GeV/c we used a power law ﬁt of the existing data
starting from pT > 4.5 GeV/c. The systematic uncertainty resulting from the extrapolation procedure
was estimated from a series of ﬁts, where each time one or more randomly selected points were
omitted and the remaining points were reﬁtted.
The p+p reference at
√
s = 39 GeV has not been measured by the PHENIX experiment yet and
therefore, we used an external measurement from the E706 ﬁx target experiment at Fermilab [1].
Since the E706 experiment has diﬀerent pseudo-rapidity coverage (−1 < η < 0.5), the original π0
spectrum was corrected (to |η| < 0.35) using PYTHIA8 simulation [1]. An estimate of the systematic
uncertainties related to the acceptance correction was deduced from the comparison of the measured
(E706) dNπ
0
−1<η<0.5/dy distributions with the PYHTIA8 simulation.
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Figure 2. The nuclear modiﬁcation factor measured in Au+Au collisions at √sNN = 39, 62.4 and 200 GeV. The
error bars give the quadratic sum of the statistical uncertainties and the pT dependent systematic uncertainties.
The boxes around unity combine the 〈Ncoll〉 and the absolute normalization uncertainties. Left panel shows the
most central collisions (0-10%), right panel shows the mid-peripheral collisions (40-60%).
The π0 RAA obtained in Au+Au collisions at
√
sNN = 39, 62.4 GeV and 200 GeV are shown in
Fig. 2 [1]. The left panel presents the most central (0-10%) collisions where the π0 production at all
three energies is suppressed. In the mid-peripheral (40-60%) collisions the data exhibit substantial
suppression at
√
sNN = 62.4 and 200 GeV for pT > 4 GeV/c, while the data at
√
sNN = 39 GeV are
consistent with unity for pT > 4 GeV/c. For both centralities, the
√
sNN = 62.4 and 200 GeV data
points are comparable for pT > 6 GeV/c.
The pT averaged RAA in range 6 < pT < 10 GeV/c as a function of the number of participants
(Npart, another measure of centrality) is shown in Fig. 3. We observe that the suppression of π0 at
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Figure 3. The π0 nuclear modiﬁcation factor in Au+Au averaged in the interval 6 < pT < 10 GeV/c as a function
of Npart at
√
sNN = 39, 62.4 and 200 GeV. The error bars are calculated as the quadratic sum of the statistical
uncertainties and centrality dependent systematic errors and the 〈Ncoll〉 uncertainties. The boxes around unity are
obtained as the systematic uncertainties of the p+p reference and centrality independent systematic uncertainty
of Au+Au collisions.
√
sNN = 39 GeV only starts to dominate in the region Npart > 100, while it is pronounced already at
lower centrality classes at
√
sNN = 62.4 and 200 GeV.
In summary, the transition from enhancement (RAA > 1) to suppression (RAA < 1) was measured
around Npart ∼ 100 in Au+Au collisions at √sNN = 39 GeV. The measured data suggest, the opacity
of the medium becomes less pronounced to other nuclear eﬀects. The data will help to constrain the
parameters, such as transport coeﬃcient in the medium, of the energy loss models.
3 Azimuthal Anisotropy of the Particle Emission
In the low transverse momentum region (pT < 3 GeV/c) the hadron dynamics is driven mainly by
the collective hydrodynamical phenomena [7, 8]. The many-body system, such as the QGP, may be
described by hydrodynamics when the mean free path of the constituents are much smaller than the
size of the system. The initial spatial energy density distribution of the collision zone causes a diﬀerent
pressure gradient in diﬀerent directions of the produced medium. Due to the ﬁnite size of the heavy
ions the initial collision zone has an anisotropic (almond) shape for nonzero impact parameters. The
pressure gradient consequently results in larger particle production in the reaction plane direction (in-
plane) as compared to the perpendicular direction (out-plane). The ﬁnal state momentum anisotropy
of the particle production is, traditionally, characterized in terms of Fourier coeﬃcients,
d3N
dφdpT dy
=
1
2π
d2N
dpT dy
⎛⎜⎜⎜⎜⎜⎝1 +
∑
n
2vn(pT ) cos (n[φ − ψn])
⎞⎟⎟⎟⎟⎟⎠ , (2)
where ψn is the participant event plane and the vn = 〈cos (n[φ − ψn])〉 is the n-th Fourier coeﬃcient.
Flow can address many interesting questions related to the collective phenomena in the medium. In
particular, the 2nd harmonic ﬂow coeﬃcient (v2) at low-pT in Au+Au collisions at
√
sNN = 200 GeV
[1] has revealed that the medium undergoes rapid thermalization and behaves as strongly interact-
ing ﬂuid. The odd terms (n ≥ 3) in the Fourier expansion originate from ﬂuctuations in the initial
geometry of the collisions.
The determination the charged hadrons vn coeﬃcients was done via long-range two particle
correlation. The method is based on the pair-wise distribution in the azimuthal angle diﬀerence
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Figure 4. Charged particle vn(pT ) in Au+Au collisions in the centrality class of 0-20% for
√
sNN = 200, 62.4 and
39 GeV. The error bars give combined statistical and systematic uncertainties. The measurement was done using
two particle correlation method between mid- and forward rapidities.
(Δφ = φ1 − φ2) between particles across a relatively large pseudorapidity (η) gap. One particle is
required the mid-rapidity (η ∼ 0) and the other one is in very forward region. The forward particles
were detected by following detectors: the combination of the inner and outer ring of the reaction
plane detector (RXNin, 1.0 < |η| < 1.5, and RXNout, 1.5 < |η| < 2.8), the beam-beam counter (BBC,
3.1 < |η| < 3.9) and the muon piston calorimeter (MPC, 3.1 < |η| < 3.9).
Fig 4. compares the vn(pT ) for n = 2, 3 and 4 of charged particles at three diﬀerent c.m. energies
in Au+Au collisions, namely
√
sNN = 200, 62.4 and 39 GeV. The event plane was deﬁned from long
range two particle correlation where the forward particle is in the RXNin or RXNout for
√
sNN = 39
and 62.4 GeV and in RXNin or MPC for
√
sNN = 200 GeV. Although the collision energy varies by a
factor of ﬁve, the response of the medium is virtually unchanged.
The initial geometry of the collision, and as a consequence, the initial energy density distribution,
changes as a function of the impact parameter, i.e. centrality. The centrality dependence of vn for
the two pT ranges is shown in Fig 5. for c. m. energies
√
sNN = 200, 62.4 and 39 GeV. The Npart
dependence of the ﬂow at three diﬀerent c.m. energies does not exhibit any signiﬁcant diﬀerence.
Measurement of the azimuthal anisotropy of produced charged hadrons from the low energy scan
do not show any signiﬁcant deviation down to
√
sNN = 39 GeV. The data suggest the medium created
at lower energies is very similar to that created at the top RHIC energy
√
sNN = 200 GeV. The vn
results supports the early formation time (0.15 < τ0 < 0.6 fm/c) and similar equation of state (EOS)
even at lower c.m. energies.
4 Direct Photon Results
Direct photons are emitted in various processes during the entire history of a heavy ion collisions. In
ﬁrst part of the section we focus on the high-pT photons (pT > 5 GeV/c) which are created mainly
from initial hard-scattering processes, such as qg → qγ (”inverse QCD Compton eﬀect”) [1]. The
production of hard scattering photons can be aﬀected by nuclear modiﬁcation (such as shadowing). In
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Figure 5. Charged particle vn in Au+Au collisions for 1.75 < pT < 2.0 GeV/c (solid symbols) and 0.75 < pT <
1.0 GeV/c (open symbols) for
√
sNN = 200, 62.4 and 39 GeV. The error bars give the statistical uncertainties, the
bands represent the systematic uncertainties. The measurement was done using two particle correlation method
between mid- and forward rapidities.
addition, direct photons at high-pT are created also during processes such as fragmentation of quarks
and gluons jets and jet-medium interaction. While direct photon production from the initial hard
scattering is isotropic (v2 ∼ 0), the fragmentation photon could be radiated with ﬁnite anisotropy due
to diﬀerent energy loss of the mother parton along diﬀerent path length in diﬀerent directions w.r.t.
reaction plane.
The high-pT (pT > 4 GeV/c) photons are identiﬁed using π0 tagging (p+p) or statistical subtrac-
tion method [2]. The subtraction method is based on a comparison of inclusive photon spectra to the
expected background from hadronic decays (mainly π0 → 2γ and η → 2γ). Decay photons from
hadronic decays were simulated using the kinematics and detector response and subtracted from the
inclusive photon yields.
The high-pT direct photon production was measured in Au+Au and p+p collisions at
√
sNN = 200
GeV. The production of direct photons in p+p collision is described by the next-to-leading pQCD as
can be seen in Fig 6 left. The photon yield in minimum bias and two diﬀerent centrality bins (most
central, 0-10%, and most peripheral, 60-92%) of Au+Au collisions is compared to TAA scaled up (see
Eq. 1) p+p cross section in Fig 6 right [2]. When comparing to p+p collisions, the direct photon
production can be aﬀected by the isospin eﬀect, because the neutron content of the gold nuclei. The
isospin eﬀect is expected to be at most 10% at pT ∼ 20 GeV/c. The RAA values are comparable
with the unity in each centrality class and for all pT > 4 GeV/c. The azimuthal anisotropy of high-
pT direct photons (5 < pT < 13 GeV/c) is consistent with zero within uncertainties, see Fig 7. The
production of high-pT photons is consistent with the scenario where they are emitted from initial hard-
scattering, and then traverse the medium without further interaction. It also implies that the fraction
of fragmentation photons is small.
In second part of the section we discuss the low-pT region (pT < 3 GeV/c) where additional
photons may be emitted from the thermalized medium of the partons or hadrons. The additional
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Figure 6. Left: Direct photon invariant cross section in p+p collision and the invariant yield in Au+Au minimum
bias collision at
√
sNN = 200 GeV. Filled points are from the dilepton analyses and the open points are from
the calorimeter analysis. The three curves on the p+p data show the perturbative QCD calculations [1] and the
dashed curve over Au+Au data is the power-law ﬁt to the p+p data, scaled by TAA from the Glauber Monte
Carlo [9]. The solid curve going through the Au+Au data is the exponential plus the TAA scaled up p+p ﬁt.
Right: Direct photon nuclear modiﬁcation factor (RAA) for three diﬀerent centralities (indicated in legends) in
Au+Au collisions at
√
sNN = 200 GeV. The error bars represent the statistical uncertainties and the bands show
the systematic uncertainties. The boxes around the unity represent the 〈Ncoll〉 uncertainties.
thermal photons are emitted in the form of real (γ) or virtual (γ∗) photons from initial QGP phase (e.g.
qq¯→ gγ∗ → ge+e− and qg→ qγ) and hadron gas phase (e.g. πρ→ πγ and ππ→ ρ∗ → γ∗ → e+e−).
Hence, they retain the memory on the temperature of the medium.
Experimentally, the measurement of the real photons is diﬃcult at low-pT region due to large
decay photon background and hadron contamination in the detector. In this pT region, 1 < pT <
5 GeV/c, the direct photon yield is reconstructed via virtual photons from dielectron pairs (internal
conversion, γ∗ → e+e−) [2]. Any source of real photons must also emit virtual photons which convert
to low-mass e+e− pairs. The yield of real and virtual photons is approximately the same in the quasi-
real photon region (pT 	 me+e− ). The low-mass distribution of e+e− pairs are ﬁtted in mass region
0.1 < me+e− < 0.3 GeV/c2 to eliminate the π0 Dalitz decays, and extrapolated to me+e− → 0 to obtain
the real photon yield.
The PHENIX experiment has measured the photon yield in Au+Au at
√
sNN = 200 GeV in the
pT region where the thermal radiation is expected (pT < 3 GeV/c) and compared it to the spectrum
obtained from the p+p, see Fig 6 left [2]. The direct photon spectrum in p+p collision was ﬁtted
with a modiﬁed power-law ﬁt. The minimum bias Au+Au collisions show larger photon yield in
the low-pT part when compared with the TAA scaled up p+p cross section. The excess yield in the
1− 4 GeV/c region in the most central Au+Au collisions (0-20%) is ﬁtted by an exponential function
with an inverse slope of T = 221 ± 19stat ± 19syst MeV. If the direct photons in Au+Au collision are
of thermal origin, the inverse slope T is related to the initial temperature (Tinit). In hydrodynamical
models, the Tinit is 1.5 to 3 times T due to space-time evolution [2].
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Figure 7. Direct photon azimuthal anisotropy (v2) in Au+Au collisions at
√
sNN = 200 GeV. The measurement
was done with two independent methods, electromagnetic calorimetry with internal conversion of photons and
external conversion at ≈ 60 cm from the interaction point. The error bars represent the statistical uncertainty,
while the bands give the systematic uncertainties.
The low-pT region is compared with several hydrodynamical models of thermal photon emissions
[2]. The models assume the initial thermalization time around τ0  0.15 − 0.6 fm/c and the initial
temperature ranging Tinit  300 − 600 MeV. The initial temperature of the medium clearly exceeds
the predicted phase transition temperature from hadronic phase to QGP (TC  170 MeV).
Another interesting probe of the medium is the azimuthal anisotropy of the thermal photons. The
photon ﬂow depends on the temperature of the medium and the dynamical ﬂow of the medium. The
expected azimuthal anisotropy of direct photons from hydrodynamical models is small, as the large
fraction of the photons are coming from the QGP phase from early times where the ﬂow of the medium
is not formed yet.
The new measurement of the direct photon azimuthal anisotropy, v2 , has been done in Au+Au
collisions in 1 < pT < 13 GeV/c at
√
sNN = 200 GeV. The event plane was determined by the
BBC and RXN detectors. The measurement was done with two independent methods: (i) using real
photon combined with internal conversion of direct photon measurement [2] and (ii) the conversion
of photons ≈ 60 cm away from the interaction point [2]. The large elliptic ﬂow of the direct photons
was observed in heavy ion collisions, where both analysis agree within uncertainties in Fig 7.
The positive direct photon v2 which is observed is comparable in the magnitude to the π0 v2 and
consistent with early thermalization times and low viscosity of the medium. The magnitude of the
direct photon v2 is much larger than current theory models predict [2, 2]. The large thermal photon
yield suggests the high initial temperatures of the plasma when the ﬂow of the medium was not
developed. On other hand the large photon ﬂow could be formed in later stage of the expansion when
the temperature was lower. The large yield and azimuthal anisotropy results simultaneously are not
explained by theoretical models [2, 2].
5 Summary
We studied the RAA for the opacity and the vn for the ﬂuidity to investigate the presence and prop-
erties of the QGP in Au+Au collisions at range
√
sNN = 39-200 GeV. The suppression of high-pT
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π0 decreases towards smaller c.m. energies, but does not disappear. However, there is no signiﬁcant
diﬀerence in the charged particle vn coeﬃcients in the studied c.m. energy range. The energy scan at
RHIC continues to lower energies also, such as
√
sNN = 7.7, 19 and 27 GeV.
The direct photon production in the hard-scattering region pT > 5 GeV/c in Au+Au collisions at√
sNN = 200 GeV is described by the scaled p+p cross section at the same c.m. energy. The direct
photon production in Au+Au collision in the thermal region (pT < 3 GeV/c) shows an excess com-
pared to binary scaled p+p collisions. The azimuthal anisotropy of the direct photons was measured
in Au+Au collisions at
√
sNN = 200 GeV. The large thermal photon yield suggests the photons were
produced at early times, in the QGP phase when the temperature was the highest. On other hand the
large azimuthal anisotropy of photons is comparable to hadrons that are produced in later time of the
ﬁreball evolution.
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